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Abstract 
A new method for spatially-resolved, spectros-
copic investigation of subsurface interface structure 
has been developed. The method, Ballistic Electron 
Emission Microscopy (BEEM), is based on Scanning 
Tunneling Microscopy (STM) techniques. BEEM com-
bines STM vacuum tunneling with unique ballistic 
electron spectroscopy capabilities. BEEM enables, 
for the first time, direct imaging of subsurface 
interface electronic properties with nanometer spatial 
resolution. STM topographic images of surface 
structure and BEEM images of subsurface properties 
are obtained simultaneously. BEEM capabilities are 
demonstrated by investigation of important metal-
semiconductor interfaces. 
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Introduction 
Interface formation and properties have been of 
fundamental importance in solid state physics and 
device technology for many decades. However, a de-
tailed understanding of important surface properties, 
the influence of thin film deposition on surfaces and 
the characteristics of the resulting interface system 
is still lacking. Subsurface interface properties are 
not directly accessible to conventional analytical 
techniques, and the necessity to probe subsurface 
properties has hindered the experimental investiga-
tion of interface phenomena. Further, the complexi-
ty of interface formation phenomena is expected to 
produce heterogeneity in both interface structure and 
electronic properties. However, conventional methods 
of interface study yield only a complicated spatial 
average of interface properties. Methods are needed 
to allow microscopic characterization of subsurface 
interface properties. 
The invention of Scanning Tunneling Microscopy 
( ST M) by Binnig and Rohrer (1982) has enabled 
atomic-resolution microscopy and spectroscopy of 
metal and semiconductor surfaces. STM provides 
atomic-resolution imaging of both surface geometric 
and electronic structure (Feenstra et al., 1986, 
Stroscio et al., 1986, and Hamers et al., 1986). 
However, STM is a surface-sensitive probe, and STM 
techniques have previously been employed only for 
the study of surface properties. This paper describes 
the first method for direct spectroscopic investiga-
tion and imaging of subsurface interface electronic 
structure with nanometer spatial resolution (Kaiser 
and Bell, 1988). The method, Ballistic Electron Emis-
sion Microscopy (BEEM), employs STM and may be 
utilized for the investigation of Schottky barrier 
systems, semiconductor-semiconductor interfaces, and 
other heterojunctions and interfaces. In this paper 
the conventional methods for interface characteriza-
tion are compared with the new BEEM method. The 
capabilities and limitations of each method are dis-
cussed with emphasis on Schottky barrier interfaces. 
Schottky Barrier Interface Characterization 
The Schottky barrier (SB), formed between a 
metal and semiconductor in intimate contact, is 
among the most fundamental of interface phenomena 
(for an extensive review see Brill son, 1982). 
Schottky barrier interfaces formed between many 
metals and semiconductors have been widely studied 
because of their importance in the understanding of 
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interface physics and their increasing importance in 
the operation of compound semiconductor microelec -
tronic devices. SB interface formation is complex, 
involving interfacial defects, electrode interdiffusion, 
and chemical reaction (Brillson, 1982}. 
Many powerful experimental techniques have 
been developed to measure the fundamental SB height 
at metal-semiconductor interfaces. The Schottky 
barrier height may be determined approximately by 
current-voltage (1-V) spectroscopy methods (Brillson, 
1982). However, the barrier height obtained is a 
spatial average over the entire interface area, and 
therefore local properties will not be directly de-
tected. Further, due to the exponential dependence 
of current on barrier height, in the presence of in-
terface inhomogeneity the lower barrier regions carry 
the majority of the current, and the SB height meas-
ured will be heavily weighted by the lowest values. 
In addition, Freeouf et al. (1982) have shown that 
the presence of heterogeneity in interface properties 
and the resulting errors in barrier height determina -
tion are difficult to detect by 1-V measurements. 
The capacitance-voltage (C-V} method for inter-
face characterization involves measurement of inter-
face capacitance as a function of bias voltage 
(Brill son, 1982). SB height may be determined from 
the voltage intercept of a 1/C2 - V plot, but the 
results of this method are complicated by the pres-
ence of gap states. Also, the C-V method provides 
only a spatial average of barrier heights over the 
entire junction area. 
Photoresponse and photoemission are direct 
methods for SB height measurement, but are also 
limited to measuring the spatial average of SB 
heights over the sample interface (Brillson, 1982). 
The surface sensitivity of photoemission methods 
enables the direct study of the early stages of SB 
interface formation. However , photoemission methods 
are not capable of probing interface properties 
buried more than a few monolayers below the 
structure surface. Further, chemical shifts and 
interdiffusion between the semiconductor and metal 
electrodes limit the reliability of this method 
(Schaffler and Abstreiter, 1985). 
It is clear that previously developed methods 
for interface investigation do not provide information 
on the spatial distribution of critical properties such 
as SB height across the interface. The BEEM 
method ext<:!nds the ~apabilities of the existing 
interface characterization methods by enabling 
nanometer spatial resolution spectroscopic 
measurements of heterogeneous interfaces. 
Ballistic Electron Emission Microscopy Methods 
The BEEM method employs STM techniques 
combined with a unique ballistic electron spectros-
copy method to enable probing of subsurface inter-
face structures. Elastic tunneling of electrons 
between the STM tunnel tip and the structure under 
study results in the injection of ballistic electrons 
into the structure. Typical ballistic electron attenu-
ation lengths in metals (Crowell et al. ,1962) and 
semiconductors (Heiblum et al., 1985} are greater 
than 10 nm. The injected ballistic electrons 
propagate through the structure, therefore, and probe 
subsurface properties. Figure 1 shows energy band 
diagrams for application of the BEEM method to a 
metal-semiconductor heterostructure. In this three-
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terminal configuration, electrodes are attached to the 
STM tunnel tip, the metal film (base}, and to the 
semiconductor collector. For base-tip bias, V, le s s 
than the SB height, Vb, there will be no c ollector 
current, since the ballistic electron distribution has 
insufficient energy to surmount the energy barrier. 
However, if V exceeds Vb, as shown in Figure le, a 
fraction of the ballistic electrons may propagate 
through the interface and into the collector where 







TIP BASE COLLECTOR 
Figure 1. (a} The three-terminal BEEM configuration 
applied to a metal-semiconductor Schottky barrier. 
The tunnel tip is separated by a vacuum barrier from 
the metal base electrode. Terminals are applied to 
the tunnel tip, metal base, and semiconductor collec-
tor. The width of the base electrode is typically 10 
nm . The collector current, le, is measured between 
base and collector. (b) The energy band diagram for 
zero tunnel bias, V = 0. (c) The energy band dia-
gram for tunnel bias greater than the barrier 
voltage, eV > eVb. 
STM Methods for Spectroscopic Imaging of Subsurface Interfaces 
depends on the base and base-collector interface 
properties, including electron attenuation length in 
the base, the SB height, defect structure at the 
interface, and quantum-mechanical reflection (QMR) 
at the interface. Spectroscopic analysis of the 
collector current will , therefore, yield direct 
information on these critical interface properties. 
A BEEM spectrum of collector current versus 
tunnel voltage is obtained by first employing the 
standard STM feedback control system (Binnig and 
Rohrer, 1982) to maintain a constant tunnel current, 
It, between tip and metal base electrode by main-
taining constant tip-base separation. Collector cur-
rent is then measured while sweeping tunnel voltage . 
BEEM imaging is accomplished while scanning 
the STM tunnel tip over the heterojunction top sur-
face under feedback control of tunnel current. The 
tunnel bias is set at a value greater than the thresh-
old voltage, Vb, for observing ballistic electron cur-
rent at the collector. The collector current is meas-
ured while scanning the tip so as to produce simulta-
neous images of the top surface topography and sub -
surface electronic structure. In addition, a BEEM 
image of subsurface properties may be acquired by 
measuring complete BEEM spectra at each image lo-
cation. From these spectra an image may then be 
formed of various properties including SB height. 
A simple one dimensional theoretical model of 
the BEEM method has been developed for the SB 
interface system. Following the treatment of photo-
response (Crowell et al., 1962), a constant density of 
states is assumed for the tip and base electrodes, 
and quantum-mechanical reflection at the interfa c e is 
not included. Also , electron mean free path in the 
metal base is taken to be energy - independent over 
the narrow energy range considered here (Crowell et 
al. , 1962) . Finally , the energy-dependent transmis-
sion probability of ballistic electron current across 
the interface with barrier energy eVb is approxi-
mated by a step function. Thus, for V n ear thre sh -
old, the collected current is given by : 
Ic(Vt) = 
R·It f dE [f(E) - f(E + eV)] 0(E - EF - eV + Vb) 
(1) 
where R is a voltage-independent constant and f(E) 
is the Fermi function defined by 
f(E) = [1 + exp((E-EF)/kT)]-1. 
The simple theory predicts that for bias voltage 
above the SB height (eV - eVb > 2kT), the collector 
current will increase linearly with voltage le ~ 
(eV - eVb). For bias voltage well below the SB 
height (eV - eVb < 2kT), the collector current will 
be zero. 
BEEM Experimental Apparatus 
The STM employed for this investigation has 
been described previously ( Kaiser and Jaklevic, 1988) . 
The instrument is a simple structure which has only 
four moving parts. It is compact and rigid to ensure 
high mechanical resonant frequencies. Gold Tunnel 
tips are used; these have been found to give repro-
ducible imaging of surface topography and low-noise 
tunnel spectra. Complete SB heterostructures were 
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fabricated and transferred into the STM chamber 
which operates under continous purge by dry 
nitrogen gas. 
Due to the necessity of measuring extremely 
small collector currents, a high-gain differential 
preamplifier is connected to the collector, which 
provides a gain of 1011 volts/ampere in four stages. 
The input impedance of the preamplifier is less than 
10 ohms, effectively shorting out any leakage current 
in the SB diode. Typically, 10 to 40 individual BEEM 
spectra are averaged to improve the spectral signal 
to noise ratio. 
BEEM Application to Schottky Barriers 
Two important interface systems were selected 
for the first application of BEEM: Au-Si and Au-
GaAs SB heterojunctions. Both systems have been 
widely studied by many techniques. The properties 
of the Au-GaAs SB interface are strongly affected by 
interface defect formation ( Spicer et al., 1980) and 
pronounced interdiffusion and alloy formation phe-
nomena between the Au and GaAs electrodes (Chye 
et al., 1978). A wide range of SB height values have 
been reported for the Au-GaAs interface. In con-
trast, the Au-Si system shows simple, reproducible SB 
characteristics (Brillson, 1982). 
The Au-Si and Au-GaAs SB heterojunctions 
were ~repared with P - doped, n-type Si (100) (n = 2 
x 101 cm-3) wafers, and Si - doped, n-type GaAs 
(100) (n = 3 x 1016 cm-3). The Si substrates were 
prepared by growing a 100 nm sacrificial oxide which 
was then stripped by etching and followed by the 
growth of a high-quality 10 nm gate oxide. The Si 
and GaAs substrates were chemically etched prior to 
thin film deposition. The Si wafers were etched in 
1:10 HF:ethanol; the GaAs wafers were etched in 
4:1 : 1 H2S04:H202 : H20, followed by 1:9 HCl:ethanol. 
Upon the completion of etching , the wafer was 
transferred to an ultra high vacuum deposition cham -
ber, where a disc - shaped Au base electrode, 1. 6 mm 
in diameter and 10 nm thick, was evaporated at a 
pressure of 10-9 Torr. A quartz crystal thickness 
monitor was used to monitor film thickness during 
deposition, enabling control of film thickness to 
within ± 0.5 nm. The completed Schottky hetero -
junction was then removed from vacuum and mounted 
on the STM apparatus for analysis. 
The spatially - averaged SB height values of the 
Au-Si and Au-GaAs heterojunctions were measured by 
the conventional I-V method . The SB height values 
were 0.85 eV and 0. 80 eV for the Au-Si and Au-GaAs 
heterostructures, respectively. The SB height values 
determined by the I-V method are in good agreement 
with previous results for Au-Si (Brillson, 1982) and 
Au- GaAs (Waldrop, 1984). 
Results and Discussion 
A representative BEEM spectrum for a Au-Si 
sample, taken as a function of base-emitter voltage, 
is shown in figure 2. The spectrum was obtained 
under feedback control of S, the tip-base separation, 
at tunnel current of O. 87 nA. A fit of the data to 
equation 1 by adjustment of R and Vb is shown as a 
solid line. 
The agreement of experimental data with the 
simple theory is excellent. The BEEM spectrum 
shown was reproduced at each location probed on the 
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surfaces of three different Au-Si samples. The SB 
heights of all spectra taken at this location on the 
sample surface were 0.92 ± 0.01 eV and the values of 
R agreed to within 0.002 ev-1. The values of eVb 
extracted from spectra taken at different locations 
on the three Au-Si samples varied over the narrow 
range from 0.86 to 0.92 eV. This variation is a 
direct measure of spatial variation in the Au-Si 
interface structure. 
This range of BEEM-derived SB heights for the 
Au-Si heterojunction is in close agreement with the 
value derived from 1-V measurements, 0.85 eV. The 
1-V method measures a spatial average of SB height 
and heavily weights the lowest-barrier regions of the 
interface, due to the exponenti!)-1 dependence of cur-
rent on eVb. It is therefore expected that the aver-
age value of eVb measured with BEEM will be larger 
than that measured by 1-V methods. 
The subsurface electronic structure of the SB 
heterostructures was also investigated by BEEM 
imaging. Figure 3a shows the ST M surface topo-
graph of the Au-Si sample, revealing a smooth sur-
face. The corresponding BEEM image of the same 
area is given in figure 3b. The BEEM data indicates 
negligible spatial variation in le, and thus 
homogeneous interface properties. 
In contrast to the Au-Si samples, large spatial 
variations in the characteristics of the BEEM spectra 
were observed with the Au-GaAs sample. Figure 2b 
presents a BEEM le - V spectrum for a Au-GaAs 
heterostructure. The least-squares fit to the data is 
shown as a solid line. The fit is good, yielding a 
value for SB height of 1.2 eV; however, a greater 
broadening at the threshold was observed here than 
with the Au-Si samples, indicative of a significant 
departure of the SB transmission function from step-
function character. In addition a spatial variation 
observed in the BEEM spectra indicates inhomogenei-
ty in the SB interface. 
A wide range of SB height values have been 
reported for Au-GaAs Schottky barrier interfaces 
(Brillson, 1982). The value obtained by 1-V measure-
ments for the Au-GaAs heterostructures investigated 
here, 0.80 eV, is lower than that obtained by BEEM 
spectroscopy. It is important to note that, due to 
the weighting of low-barrier regions in an 1-V meas-
urements, it is expected that the dramatic level of 
heterogeneity observed for the Au-GaAs SB interface 
v,m yield a lower SB height value for the 1-V meth-
od than is observed for the BEEM method. 
A direct investigation of interface heterogeneity 
was performed by measurement of BEEM images for 
the Au-GaAs heterojunction. Figures 3c and 3d com-
pare the STM topograph obtained of the Au surface 
with the corresponding BEEM image of the subsur-
face SB interface. Dramatic structure appears in the 
BEEM image which is uncorrelated with surface 
topography. Further, the BEEM image clearly shows 
large variation in interface properties on a lateral 
scale of 1 nm. The heterogeneity identified by 
BEEM in the Au-GaAs interface properties may be 
the result of the multiphase nature of Schottky bar-
rier formation proposed by Freeouf and Woodall 
(1981). 
Conclusion 
The first application of BEEM to SB systems 
demonstrates that this method is a unique and 
1234 
powerful probe for the investigation of subsurface 
heterojunction properties with high spatial resolution. 
Experimentally measured le - V spectra show an 
abrupt threshold providing a direct and local measure 
of the important SB height. A simple one-dimension -
al theory predicts spectra which are in excellent 
agreement with the measured BEEM spectra. Further 
modifications to the theoretical treatment should 
provide for investigation of additional properties of 
the heterojunction system. 
Direct images of subsurface SB properties with 
nanometer lateral resolution have also been measured. 
These first results demonstrate the homogeneity of 
the Au-Si SB interface, and the contrasting hetero-
geneity of the Au-GaAs SB properties. BEEM has 
directly established the presence of microscopic 
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Figure 2. BEEM spectroscopy results for Au-Si and 
Au-GaAs heterojunctions. (a) BEEM spectrum of col-
lector current, le, versus tunnel voltage , V, for a 
Au-Si SB structure. The spectrum (dots) was meas -
ur'"d at a tunnel curre,1t, It, of 0.87 nA. The calcu -
lated spectrum (solid line) corresponds to a barrier 
height value, eVb, of 0.92 eV and an R value of 
0.045 ev-1. (b) BEEM le - V spectrum (triangles) for 
the Au-GaAs SB heterojunction obtained at It = 1.0 
nA. The calculated spectrum (solid line) corresponds 
to an eV:P value of 1.2 eV and an R value of 
0.034 ev- . 
This study demonstrates that a comprehensive 
investigation of subsurface interfaces may be made 
by combining the previously developed characteriza-
tion methods with the new BEEM capabilities. The 
simple theory presented here may be refined to in-
clude the important effects of quantum-mechanical 
reflection of ballistic electrons at the SB interface, 
and SB lowering due to image charge effects. By 
independent biasing of the base electrode to control 
band bending, a detailed analysis of collector current 
as a function of applied bias would yield important 
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Figure 3. STM topographic and BEEM images of the Au-Si and Au-GaAs SB heterojunctions. The STM and 
BEEM images were acquired simultaneously. All images display a 25 x 25 nm2 area. (a) STM image of the 
Au-Si SB heterostructure surface. Surface height is represented by grey level, over a range from darkei::t 
(minimum height) to lightest (maximum height) of 1.5 nm. (b) BEEM image of the subsurface Au-Si SB inter-
face obtained at V = 1. 0 V and It = 1. 0 nA. The local value of le is represented by grey level, over a range 
from darkest (minimum le) to lightest (maximum le) of 2.0 pA. The average value of le is 2 pA. (c) STM 
image of the Au-GaAs SB heterojunction surface. Grey level spans a height range from darkest to lightest of 
6.6 nm. (d) BEEM image of the subsuface Au-GaAs SB interface obtained at V = 1.5 V and It = 1.0 nA. Grey 
level extends over a current range from darkest to lightest of 17 pA. 
information concerning the detailed SB shape. Also, 
the principle of BEEM can be extended to multilayer 
structures, with the capability of analyzing the 
electron propagation across more than one interface, 
thereby addressing the problem of band alignment in 
semiconductor heterostructures. 
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